In order to study the functions of precursors to secreted proteins, we expressed cloned DNA encoding human preproparathyroid hormone (preproPTH) Precursors of secreted proteins contain sequences that direct the proteins along the secretory pathway (1-3). Studies using cell-free extracts have shown that cytoplasmic signal-recognition particles (4) bind to polysomes that are synthesizing these precursors. The signal-recognition particles then bind to receptors on the rough endoplasmic reticulum (5). Little is understood about how' the precursors then cross the membrane of the endoplasmic reticulum and traverse the rest of the secretory pathway.
*-2 cells generated helper-free recombinant retrovirus encoding preproPTH, and this recombinant retrovirus was used to infect GH4 rat pituitary cells. Clonal lines of the infected GH4 cells contained copies of the recombinant provirus stably integrated via the long terminal repeats, and the expected RNA transcripts of proviral DNA accumulated in the cytoplasm, although no infectious virus was produced. The infected cells synthesized and processed preproPTH appropriately and secreted PTH in response to thyrotropin-releasing hormone, a secretagogue for GH4 cells. Use of recombinant retrovirus permits the introduction of DNA encoding normal and mutant Wecreted proteins into a number of cell types specialized for secretion, Analysis of the fate of the resultant proteins will help define the specific molecular interactions involved in transmembrane transport and processing of precursor proteins.
Precursors of secreted proteins contain sequences that direct the proteins along the secretory pathway (1) (2) (3) . Studies using cell-free extracts have shown that cytoplasmic signal-recognition particles (4) bind to polysomes that are synthesizing these precursors. The signal-recognition particles then bind to receptors on the rough endoplasmic reticulum (5) . Little is understood about how' the precursors then cross the membrane of the endoplasmic reticulum and traverse the rest of the secretory pathway.
Recombinant DNA technology provides methods for manipulating the sequences of genes encoding secreted proteins and then expressing these genes in cultured cells. This strategy has already been used to show that amino-terminal "signal" sequences and internal "stop transfer" sequences are required for the proper insertion of membrane-bound proteins into those membranes (6) (7) (8) (9) . To perform analogous experiments to determine how proteins traverse the entire secretory pathway, the genes encoding secreted proteins can be introduced into cells specialized for secretion.
As a prelude to a detailed genetic analysis of the secretory pathway, we have expressed cDNA encoding a precursor of the human calcium-regulating parathyroid hormone (PTH), preproPTH (10) , in GH4 cells. In the parathyroid gland, the 25-amino-acid amino-terminal "pre" sequence of preproPTH is cleaved to generate proPTH, and then the 6-amino-acid "pro" sequence is cleaved, yielding PTH. GH4 cells are a well-characterized clonal rat pituitary cell line that secrete prolactin and growth hormone (11) ; this secretion can be stimulated by secretagogues such as thyrotropin-releasing hormone (TRH) (12, 13) .
Exploiting the retroviral life-cycle, we stably introduced cDNA encoding preproPTH into GH4 cells by infecting GH4 cells with a recombinant retrovirus. Clonal lines derived from the recipient cells synthesized and processed preproPTH appropriately and secreted PTH. TRH stimulated the secretion of PTH as well as prolactin from these cells.
MATERIALS AND METHODS
Plasmid Construction. The methods for preparation of plasmid DNA, cleavage with restriction enzymes, purification of DNA fragments, ligation with T4 DNA ligase, and transfection of Escherichia coli were performed as described (14, 15 air/5% CO2. The Cl-C cell line, a clonal NIH 3T3 cell line productively infected with Moloney murine leukemia virus, was a gift of C. Tabin.
DNA Transfection and Viruses. DNA transfections were performed with 10 ,ug of plasmid DNA (16, 17) by the procedure of Graham and Van der Eb (18) as modified by Parker and Stark (19) . Virus infections were performed in the presence of 8 pug of Polybrene per ml for 2.5 hr. Aminopterin was omitted from gpt-selection medium (20) prepared for use with GH4 cells. When neo-selection medium was used, the antibiotic G418 was present at 400 ,tg/ml (21) . Reverse transcriptase activity was assayed for 12 hr after changing the medium (22) .
Protein Labeling and Sequence Determination. To radiolabel cells, 10-cm plates of nearly confluent cells were rinsed in methionine-deficient medium containing 5% dialyzed calf serum and then were incubated with 0.5 mCi (1 Ci = 37 GBq) of [535]methionine (1000 mCi/mM) in 3 ml of medium. Chase medium contained 30 mg of nonradioactive methionine per liter. Incubations were terminated by cell lysis (23) . Immunoprecipitation with rabbit anti-bovine PTH antibody or with rabbit anti-rat prolactin antibody was carried out overnight at 40C. Recovery of the immunoprecipitated proteins was accomplished by the method of Kessler (24) . Proteins were separated on a 15-20% acrylamide slab gel containing NaDodSO4; processing of the separated proteins including Abbreviations: PTH, parathyroid hormone; cfu, colony-forming units; kb, kilobase(s); TRH, thyrotropin-releasing hormone; LTR, long terminal repeat; MSV, murine sarcoma virus.
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Preparation and Analysis of DNA and RNA. Cytoplasmic polyadenylylated RNA was isolated from cells as reported (23) except that RNA was not treated with DNase. Virion RNA was prepared by extraction from virus particles banded in sucrose step gradients (28) . After denaturation with glyoxal (29) , RNA was fractionated by electrophoresis through 1.4% agarose gels, transferred to nitrocellulose, and hybridized with P32-labeled DNA probes (30) . Southern blot hybridization was performed as described (14) .
RESULTS
Construction of pMSV-hPTH-gpt and Use of 4f-2 Cells to Generate Helper-Free Recombinant Retrovirus. Human PTH cDNA and the selectable marker, E. coli gpt were introduced into the previously described (17) retroviral vector pMSV-gpt (Fig. 1) . In this construction the PTH sequence replaces the retroviral gag-pol sequence, and the gpt gene replaces the env gene. We expected the retroviral sequences encoding splice donor (5' SS) and splice acceptor (3' SS) would allow for the production of a spliced messenger RNA expressing gpt (Figs. 1 and 2A). To allow the study of secretion of PTH from cells free of budding retrovirus, the gag, pol, and env genes were omitted from the vector pMSVhPTH-gpt. The packaging cell line, ,-2, was used to provide the proteins needed for generating infectious virus from RNA transcripts of pMSV-hPTH-gpt.
f-2 cells are NIH 3T3 cells that constitutively produce wild-type retroviral proteins by virtue of the fact that these cells have been transfected with DNA encoding a modified Moloney murine leukemia virus. The modification in this viral DNA consists of a deletion of the 4i or packaging sequence, that region required for the encapsidation of viral RNA into virion (17) . When a vector such as pMSV-hPTHgpt, which contains an intact packaging sequence, is transcribed into RNA within the q-2 cell, the recombinant RNA can be encapsidated by using the proteins generated from the modified Moloney murine leukemia virus DNA and bud from the cell. Such pseudotyped recombinant retrovirus is competent to infect cells susceptible to infection by wildtype Moloney murine leukemia virus, leading to reverse transcription and incorporation of the recombinant provirus (17) (14) . In the first procedure, 4i-2 cells were cotransfected with pMSVhPTH-gpt and pSV2neo (21) , and stably transformed clones were isolated by their ability to survive in neo-selection medium (21) . Cotransfection with pSV2neo was required because 4i-2 cells already contain and express pSV2gpt (17 (Fig. 2B, lanes e and g) . Because the smaller spliced RNA does not encode PTH, it was not detected when using radiolabeled PTH probes (Fig. 2B, lane i) . Genomic length RNA of the recombinant virus was identified in the medium of stably transformed 4'-2 producer line 6-2 (Fig. 2B, lanes d and f) Confirmation of the Identity of proPTH and PTH. To demonstrate the precision of cleavage of preproPTH to proPTH and of proPTH to PTH in GH4 cells, the cleavage products synthesized during a 1-hr labeling of cells with [S35]methionine were eluted from a preparative acrylamide gel and subjected to sequential Edman degradation. Methionine is present at positions 8 and 18 of human PTH and at positions 14 and 24 of human proPTH (10) . As can be seen in Fig. 4 , the PTH bands from either medium (Fig. 4A) or cell extracts (Fig. 4B) (Fig. 4C) . Since PTH is the predominant protein synthesized during a 1-hr labeling, it was not surprising that proPTH was contaminated by some PTH (Fig. 4C) . Similar sequence analysis confirmed the identity of PTH in medium and cell extracts of infected NIH 3T3 cells (data not shown).
Release of PTH and Prolactin from GH4 Cells in Response to TRH. GH4 cells, like normal pituitary cells, release prolactin acutely in response to hormonal stimuli such as TRH (12, 13 Plates (10-cm diameter) of cells were rinsed twice with culture medium and then incubated for 30 min in 5 ml of medium with or without 100 nM TRH. Plates contained -1.8 mg of cell protein.
Each hormone concentration in the medium represents the mean from three separate plates ± SEM determined by RIA (26, 27) . The P values were determined by the two-tailed Student t test. tory pathway as prolactin, PTH might be released in response to the same stimuli that release prolactin. Table 1 shows the amounts of PTH and prolactin released from GH4 cells containing recombinant provirus after 30 min in response to 100 nM TRH. PTH was not detected in the medium of uninfected cells in the presence or absence of TRH. As found by others (12, 13) , there was a roughly 2-fold increase in prolactin release in response to TRH. The increase in PTH release is of a similar magnitude, consistent with the notion that PTH and prolactin are sequestered in the same physiologically responsive compartment.
DISCUSSION
We have used the packaging cell line q/-2 to generate a pure population of recombinant retrovirus encoding human preproPTH and E. coli gpt. This recombinant retrovirus was free from helper virus and did not encode wild-type gene products; consequently, fresh cells infected by recombinant retrovirus did not become producers of retrovirus. Results of Southern and RNA blot hybridization analysis were consistent with the integration of proviral DNA into host cells via the retroviral LTRs and subsequent production of the two expected RNA transcripts.
Pulse-chase experiments and amino-terminal sequence analysis of the relevant proteins showed that infected GH4 cells and parathyroid gland slices (10) process and secrete PTH in a similar manner. Moreover, GH4 cells synthesizing preproPTH were induced to release PTH acutely in response to a hormone, TRH, that induces prolactin release from GH4 cells and normal pituitary glands. Presumably, TRH stimulates the secretion of prolactin molecules that have reached specific anatomic compartments, probably the vesicles and secretory granules found in the periphery of GH4 cells (32) . The increased secretion of PTH in response to TRH is a physiologic response consistent with the premise that PTH reaches the medium by the same process that prolactin does. This physiologic criterion for secretion will prove particularly useful during the analysis of the secretion of mutant proteins, some of which we have found can be secreted in small, but significant, amounts (unpublished data). Further, the release of PTH from infected GH4 cells in response to TRH supports the hypothesis that secretagogues like TRH stimulate the secretion of any proteins that are located in the same compartment as prolactin rather than stimulate the secretion of prolactin specifically.
Several groups have developed model systems similar to ours that can be used to study how precursors of secreted and membrane proteins are compartmentalized in the cell. DNA encoding growth hormone (33) (34) (35) or preproinsulin (36) (37) (38) (39) has been introduced into monkey kidney cells or mouse fibroblasts with successful expression, although proinsulin was secreted from these cells without further processing to insulin. In contrast, preproinsulin synthesized in mouse pituitary AtT-20 cells was converted to proinsulin and insulin, and both proinsulin and insulin were secreted from these cells (39) . Insulin alone accumulated in secretory granules of these cells (40) . Introduction of modified DNA into monkey kidney cells or mouse fibroblasts in culture has been used to demonstrate the requirement for the amino-terminal "signal" sequences and "stop-transfer" sequences for proper insertion into membranes of viral proteins such as vesicular stomatitis virus protein G (8) and influenza hemagglutinin (6, 7) .
The use of defective, helper-free, recombinant retroviruses to infect cells such as rat pituitary GH4 cells offers another model, not previously available, with distinct advantages for studying secretion. Defective recombinant pseudotypes of Moloney murine leukemia virus should be able to infect all cell lines susceptible to infection by Moloney murine leukemia virus. GH4 cells, unlike AtT-20 cells (41), do not bud retrovirus from their plasma membrane, so possible perturbation of the normal secretory pathway by the assembly and budding of virus is avoided. GH4 cells, further, respond to a number of physiologic modulators of prolactin secretion, such as TRH, vasoactive intestinal peptide, and somatostatin (12, 13) . Like most cell lines, however, GH4 cells are imperfect replicas of their normal counterparts. GH4 cells contain few secretory granules (32) and, consequently, do not store substantial amounts of hormone intracellularly, for example.
Using this system, we can examine the effect of mutations introduced into the cDNA encoding preproPTH on the movement through the secretory pathway of the resultant mutant proteins. Several deletions of portions of the signal sequence and the adjacent "pro" sequence interfere with secretion; others do not (unpublished data). A detailed analysis of the behavior of these mutants will help define the discrete functions of different portions of the signal sequence and the roles of specific proteins and organelles in the secretory pathway. Further, it should be possible to infect a wide variety of murine cells in vitro, as well as rodents and rodent embryos in vivo.
